Recently, LC-MS/MS was stated to be the method of choice to measure sex steroids. Because information on the mutual agreement of LC-MS/MS methods is scarce, we compared 7 published LC-MS/MS methods for the simultaneous measurement of testosterone, androstenedione, and dehydroepiandrosterone (DHEA).
The measurement of hormone concentrations is vital for clinical endocrinology as well as endocrine research. Since the beginning of the 21st century, increased attention has been paid to the accuracy of hormone measurements, especially in steroid hormone analysis. In 2003, Taieb et al. showed that commonly used immunoassays for testosterone were not suitable to measure the low testosterone concentrations in women and children (1 ) . The accompanying editorial stated that these immunoassays were comparable to or even worse than a random number generator in estimating testosterone concentrations in women (2 ) . This publication led to an extensive debate, which resulted in the Endocrine Society's Position Statement and subsequent Consensus Statement on testosterone assays, stating that the accuracy of testosterone measurements needs improvement (3, 4 ) .
One of the problems that occur in immunoassays for steroid hormones is cross reactivity. To avoid cross reactivity, LC-MS/MS is increasingly used in steroid hormone analysis because of its high analytical specificity. Several articles on LC-MS/MS methods for testosterone and other steroid hormones have recently been published (5 ) . This development, as well as the urgent need for reliable assays, prompted the editorial board of the Journal of Clinical Endocrinology and Metabolism (JCEM) 10 to state that from 2015 on, "manuscripts reporting sex steroid assays as important endpoints must use [mass spectrometry-]based assays," and "it is anticipated that this requirement . . . will be extended to adrenal steroids and vitamin D in the near future" (6 ) . Although we agree with the requirement for reliable steroid assays and understand the superiority of LC-MS/MS compared with immunoassays, the JCEM statement raises several questions. First, information on mutual agreement of LC-MS/MS assays is scarce. Thienpont et al. showed that LC-MS/MS assays for testosterone might have low imprecision and agree well with each other and a reference method (7 ) . Others, however, reported much higher variation and less strong agreement between the investigated LC-MS/MS methods for testosterone (8, 9 ) . Data on the agreement of LC-MS/MS assays for adrenal steroids are even scarcer (10 ) . Second, since the publication of Taieb et al.
(1 ), a new generation of automated immunoassays for testosterone has become available. The currently used second-and third-generation testosterone assays generally show a clear improvement in the lower concentration range compared to the first-generation assays investigated by Taieb et al. (1, 11, 12 ) . For this reason, when investigating the potential superiority of mass spectrometry-based testosterone assays, the performance of the currently used immunoassays should be taken into account. Data on the variation of currently used testosterone immunoassays in comparison with LC-MS/MS assays are not yet available. Additionally, no data are available on the agreement of immunoassays and LC-MS/MS assays for adrenal steroids such as androstenedione and dehydroepiandrosterone (DHEA). More data on the agreement of LC-MS/MS assays, as well as convincing evidence that the variation between LC-MS/MS assays is significantly lower than that observed in immunoassays, are needed to support the JCEM statement. The present study aims to provide such data. We investigated imprecision and agreement among the published LC-MS/MS methods for the simultaneous measurement of testosterone, androstenedione, and DHEA. In addition, the variation among the investigated LC-MS/MS testosterone assays was compared with the variation among currently used immunoassays for measurement of testosterone (11 ) .
Materials and Methods

SAMPLES
We obtained 55 random serum samples from adult volunteers presenting at the outpatient clinic of the VU Medical Center Amsterdam for diagnostic venipuncture in May and June 2014. Clot Activator Tubes for serum (BD) were used for sample collection; these tubes do not contain a serum separator and were used to avoid interferences from the collection tubes (13 ) . There were no further selection criteria, and all participants provided written informed consent. All samples were anonymized and handled identically. After centrifugation, the samples were divided into aliquots and frozen at Ϫ20°C. The samples were sent frozen on dry ice to the laboratories and kept frozen until analysis.
METHOD COMPARISON
Seven published LC-MS/MS methods for the simultaneous measurement of testosterone, androstenedione, and DHEA were included in this comparison study. The methods were randomly coded methods A-G. Technical details and validation data of these LC-MS/MS methods have been published (10, 14 -19 ) . One method had been slightly changed since publication to improve assay performance. Information on these methods and any changes is provided in Supplemental Table 1 , which accompanies the online version of this article at http:// www.clinchem.org/content/vol61/issue12. In short, the methods used 100 -900 L serum for singular analysis, and sample preparation consisted of internal standard addition and Ն1 of the following sample preparation methods: liquid-liquid extraction, solid-phase extraction, protein precipitation with ZnSO 4 /methanol, and derivatization. Method characteristics of the methods are shown in online Supplemental Table 1 . Some methods were steroid profiling methods; in this study, however, only the testosterone, androstenedione, and DHEA data were compared. Each sample was analyzed in duplicate for testosterone, androstenedione, and DHEA by each of the investigated methods according to the standard procedures concerning calibration and QC in each of the laboratories. Duplicate measurements were performed in 1 batch to allow calculation of the intraassay CV per method. Exceptions were methods D and E. For method D, the duplicates were measured on 2 different days. The variation from the measurements with this method was essentially interassay variation and not the usually lower intraassay variation. In method E, the second duplicate had to be diluted because of a shortage of sample volume, which may have resulted in a higher duplicate variation than would have been observed had enough serum been available.
STATISTICAL ANALYSIS
Only samples with concentrations higher than the respective lower limit of quantification (LLOQ) per method were included in the analysis. We calculated the intraassay CV of each method with the following formula:
where ͚ is the sum, a and b are the duplicate concentrations of the respective method and analyte, N is the total number of duplicates, and x is the mean analyte concentration of a and b.
We calculated the overall median concentration per analyte in each sample using the measured concentration by the 7 methods. Using the mean concentrations calculated from the duplicate measurements of each sample, we performed Passing-Bablok regression analysis and calculated the Pearson correlation coefficient to assess the agreement of methods A-G with the overall median concentration. In addition, we calculated the median concentration as well as the SD per sample, using the mean concentrations from the duplicate measurements per method. Intermethod variation was calculated with the following formula: CV (%) ϭ SD/median. The CV was calculated only if Ն3 methods were able to quantify the respective analyte. All statistical analyses were performed with MedCalc 11.6, GraphPad Prism 6, and Microsoft Excel 2010.
Results
Median concentrations of testosterone were 0.22-1.36 and 8.27-27.98 nmol/L for women and men, respectively. No samples had a median testosterone concentration Ͼ1.36 and Ͻ8.27 nmol/L. Androstenedione and DHEA concentrations were 0.05-5.53 and 0.58 -18.04 nmol/L, respectively. One sample had a median androstenedione concentration of 37.03 nmol/L. Androstenedione concentrations measured by the methods investigated for this sample were 28.50 -41.40 nmol/L. We excluded this value from the regression and correlation analysis as an outlier. Intraassay CVs, on the basis of the duplicate measurements, were 2.9%-10.0%, 1.2%-8.8%, 2.7%-13%, and 4.3%-16% for testosterone in women, testosterone in men, androstenedione, and DHEA, respectively. Duplicate measurements were performed on 2 different days by method D, so the duplicate CVs of method D were interassay CVs rather than intraassay CVs. Because of a shortage of sample volume, measurements by method E included 1 replicate with serum diluted 2ϫ; thus the CVs of method E reported in this study were likely to be an overestimation of the true imprecision of this method. Intraassay CVs per method are shown in Table 1 .
Passing-Bablok regression analyses and Pearson correlation coefficients are shown in Figs. 1-4 , for all testosterone concentrations, testosterone in women, androstenedione, and DHEA, respectively. Bias plots for each analyte are shown in online Supplemental Fig. 1 .
Intermethod variation is shown in Fig. 5 . The mean CV between the methods was 14%, 8%, and 22% for testosterone in women, testosterone in men, and DHEA, respectively. For androstenedione, the intermethod variation was 30%, mainly because of the data obtained by method F. When the values measured by method F were excluded, the mean CV for androstenedione dropped to 12%. One, 2, and 4 samples for testosterone, androstenedione, and DHEA, respectively, had to be excluded from analysis because only 1 or 2 methods were able to quantify the very low concentrations of analytes in these samples.
Discussion
In this study, we investigated the agreement and variation between 7 published LC-MS/MS methods for the simultaneous measurement of testosterone, androstenedione, and DHEA. For testosterone, the agreement of the LC-MS/MS methods investigated is good. Although the correlation was slightly lower in the lower concentration range, the assays agreed reasonably well in concentration ranges for both men and women (slopes of the regression lines 0.92-1.08). However, method F was not able to measure testosterone concentrations Ͻ2 nmol/L and thus is not suitable for the measurement of testosterone in women and hypogonadal men; it is possible that an increase in sample volume could improve this. All methods had an acceptable intraassay CV, Ͻ10% for the entire concentration range. The intermethod variation of 14% and 8% for the LC-MS/MS methods for testosterone concentrations in women and men, respectively, was clearly lower than the intermethod variation for 7 currently used immunoassays for serum testosterone assessment (73% and 12%, respectively) (11 ) . Online Supplemental Fig. 1 shows the variation between the immunoassays. This high variation among immunoassays was not caused by 1 of the methods outlying the others, but rather represents the general variation of these immunoassays in the female testosterone concentration range. This difference in the variation between LC-MS/MS methods and immunoassays indicates that, mainly at low testosterone concentra- tions, the LC-MS/MS methods used in our study as a group were in better agreement with each other than the immunoassays.
For androstenedione, the agreement among 5 of the investigated methods was good (slopes of the regression lines 0.90 -1.01). Method C seemed to have a systematic positive bias of approximately 13% compared to the median of all methods, possibly caused by a difference in standardization. Method F showed a positive bias of approximately 18%; in this method, however, the high variation seemed to be the main problem. Further investigation revealed that interference from newly introduced plastic well plates caused this poor reproducibility in method F. Once the well plates were replaced with glass vials, a new comparison between methods A and F for androstenedione showed better agreement [slope of the regression line 1.20 (95% CI, 0.61-1.68), intercept Ϫ0.69 (Ϫ2.01 to 0.95), and correlation coefficient 0.863 (0.699 -0.941)] (online Supplemental Fig. 3) . The intraassay CV for androstenedione was higher than that reported for testosterone; however, all but method F had an intraassay CV Ͻ10%. After replacement of the plastic well plates with glass vials, method F had a intraassay CV of 6.8% for androstenedione. Intermethod variation was high (30%) because of the values reported by method F. When method F was excluded from analysis, the mean intermethod variation dropped to 12%, which was comparable to the variation among the testosterone LC-MS/MS methods.
For DHEA, 4 of the assays agreed well (slopes of the regression lines 0.91-1.00), whereas 3 methods had positive biases of 12%, 16%, and 41%, respectively, compared to the median DHEA concentration. Possibly, these biases were caused by differences in standardization. In addition, if peaks of testosterone and DHEA are not chromatographically resolved, testosterone may produce peaks in the mass transitions of DHEA and vice versa, because the 2 androgens share the same parent ion and some fragment ions (17 ) . This, as well as differences in sample and calibrator preparation, might contribute to the differences observed. The positive bias of 41% in method C disappeared once another DHEA calibrator was used (data not shown). Intraassay CVs for DHEA were higher than those for testosterone and androstenedione in most of the assays-in 3, Ͼ10%. Also, intermethod variation (22%) was relatively high compared to that of testosterone and androstenedione. No data on the variation of immunoassays are available for DHEA or androstenedione. Therefore, variation between LC-MS/MS methods for these adrenal androgens cannot be compared to the performance of immunoassays. However, the high variation among the DHEA methods in this study indicates that improvement in standardization and imprecision is necessary in several LC-MS/MS methods for DHEA.
One of the methods in our study (method E) has been compared previously to a reference method for testosterone and was found to agree well (7 ) . One of the other methods in this study (method A) was found to agree indirectly with the reference method for testosterone (10 ) . Because the testosterone methods investigated in this study agreed well, we believe that the investigated testosterone methods report values that are close to the true testosterone concentrations. Unfortunately, no reference methods are available for androstenedione and DHEA, so the trueness of these methods cannot be estimated in this study. Our study prompted some of the participating laboratories to improve their methods. This study showed that the choice of calibrator and consumables is crucial and that changes in the method (e.g., new plastic well plates as in method F) may cause problems in a previously well-validated and high-performing method. Our study stresses the need for thorough initial validation and continuous monitoring of LC-MS/MS methods, e.g., in internal and external quality assessment schemes as well as more elaborate method comparison studies such as the present one.
This study investigated 7 published (and presumably thoroughly validated) LC-MS/MS methods. It is questionable whether the reported findings apply to all LC-MS/MS methods available; earlier findings suggest that this is not the case (8, 9 ) . For this reason, further research is necessary to investigate the agreement and variation of unpublished, routine LC-MS/MS methods.
In conclusion, the investigated LC-MS/MS methods agreed reasonably well. Standardization and high intraassay variation need improvement in some of the methods. In comparison to immunoassays, testosterone LC-MS/MS assays used in this study had much better agreement and lower intermethod variation. Although these factors are unknown for androstenedione and DHEA, it is likely that the variation between LC-MS/MS assays for these analytes is also lower than between immunoassays. These arguments support the JCEM policy to accept manuscripts reporting sex steroid concentrations only when measured by mass spectrometry-based methods (6 ) .
We would like to stress, however, the importance of further research into the agreement and variation of unpublished routine LC-MS/MS assays, continual QC of existing methods, and a critical view on the quality of all hormone assays, including LC-MS/MS methods. 
